The influence of the microstructure on the visco-elastic properties of concrete is investigated using finite element simulations at the meso-scale. We first derive a constitutive law for the creep of the cement paste which accounts for both recoverable and permanent deformations, as well as the influence of temperature and internal relative humidity. The model is calibrated on a set of experiments at the cement paste scale, and then validated after upscaling to the concrete scale. The model is then applied to study the influence of the microstructure on the macroscopic creep of concrete. We show that materials with finer particles exhibit less creep, and that the anisotropy of creep can be explained with the shape and orientation of the aggregates. Furthermore, the acceleration of the stress relaxation in the presence of damage is explained by the micro-mechanical interaction between the aggregates, the cement paste, and the micro-cracks.
Introduction
Concrete is the most used material in the world, and therefore a good understanding of its long-term behaviour is required for sustainability. Long-term behaviour of concrete depends both on durability aspects, e.g. alkali-silica reaction (ASR), freeze-thaw cycles, carbonation, and on its viscous properties. Both these aspects are critical in structures such as nuclear or hydraulic power plants which have long planned lives and are further subject to particular safety concerns. Models predictive over the long term require understanding the phenomena affecting the structures of interest at a fundamental level. In particular, behaviours should be derived from the complex processes that occur at the microstructure level.
Increasingly, concrete degradation phenomena are approached with numerical methods in which concrete is modelled as a twoor three-phase composite containing aggregates, cement paste and perhaps a transition zone between them. Examples include prediction of the material strength [1] [2] [3] [4] [5] [6] [7] [8] [9] , visco-elastic properties [10] [11] [12] , drying shrinkage [13, 14] , or damage due to ASR [15] [16] [17] , high temperature [18] , leaching [19] , or irradiation [20, 21] . These multi-scale models are based on our best understanding of the physical processes concrete undergoes, therefore, they are suitable for long-term extrapolation as well as interpretation of experimental results.
The accuracy and predictive ability of such meso-scale models is strongly tied to the choice of constitutive behaviour which represent the various physical processes in the material. A primary purpose of these models is to provide insights on the phenomena occurring at the micro-scale, as well as characterizing the interactions between the aggregates and the cement paste. Therefore, the absence of certain aspects in the constitutive behaviour might have a strong influence on the simulated results and on the conclusions one might draw from them. Notably, most models at this scale neglect the visco-elasticity of the cement paste, or model it as fully decoupled, considering that the driving mechanisms of interest have a much higher (or slower) rates than creep. However, this is not necessarily the case as the influence of creep can be seen from very short to very long time scales. At short time scale, the visco-elastic nature of the material leads to a strong dependency between the failure behaviour and the loading rate [3, 22, 23] , and is also known to mitigate early-age shrinkage cracking risks [24] [25] [26] . At very long term, the recent study of the authors on the role of creep in ASR and irradiation showed that the stress relaxation of the cement paste also delays in the long run the propagation of the damage in the microstructure [16, 27] .
While several models for creep exist in the literature, either at the macro-scale [28, [32] [33] [34] or at the scale of the calciumsilicate hydrate (C-S-H) phase in which the creep phenomenon occurs [35] [36] [37] [38] [39] , the underlying physical mechanism remains poorly understood and subject to debate and on-going research [28, 40-42, 29, 30] . The separation into two main processes is commonly accepted:
• a reversible process involving the sliding of C-S-H structures one on another, in some models this is complemented with water movements in the gel pores,
• an irreversible process caused by changes in the C-S-H micro-structural arrangement.
The first mechanism controls the short-term creep, and is typically represented at the C-S-H scale with a linear dash-pot. 
Theory
Decohesion Hardening
Micro-prestress [28] breaking of high-stress atomic bonds redistribution of the stress over the microstructure Nano-granular [29] displacement of C-S-H grains into empty spaces self-compacting of the microstructure Micro-crack [30] displacement of water out of existing cracks and pores displacement of water into the newly-formed cracks Dissolution-precipitation [31] dissolution-precipitation of crystals under pressure increase in the affected interfaces
It is assumed to derive from the viscous sliding of C-S-H structures on each other. These may be the C-S-H sheets but also the C-S-H needles forming the bulk of the microstructure. In a previous work, Shahidi et al. [43] showed that the viscous behaviour of penny-shaped interfaces translates into an equivalent Kelvin-Voigt model at the upper scale using an analytic micro-mechanical homogenization scheme. The spring added in parallel at the cement paste level corresponds to the restraint caused by the elastic phases. The B3 model [28] and its various derivatives assume that this deformation spans a wide range of characteristic times following a progressive solidification theory. In a subsequent model, Hilaire et al. [34] used a single characteristic time, which seems more appropriate considering that Bazzoni [44] found that the C-S-H particles forms as needles of a single size characteristic of the binder, and Müller [45] showed that the gel intrinsic porosity also has a single characteristic size. Irfan-ul Hassan et al. [46] use an automated setup to identify the creep properties of cement paste during hydration. Their creep tests last 3 min., and they report no irreversibility in the creep. The second mechanism controls the long-term creep and is assumed to be a logarithmic function of time. This behaviour has been identified at both the macro-scale [47] and the microscale with nano-indentation on mature C-S-H [29] . Different mechanisms have been proposed, which are all based upon modifications of the C-S-H microstructure.
In the micro-prestress theory proposed by Bažant et al. [28] , it is assumed that the material is subject to very high localized stresses, which are progressively relaxed over time and redistributed throughout the microstructure even in absence of external loads. However, Gawin et al. [32] showed that this assumption is not sufficient to simulate the drying creep of concrete, and found better agreement by assuming that relative humidity plays a driving role in the creep deformation: they use a concept of effective stress used in poro-mechanics (sigma s e = σ + αp s I, α Biot's coefficient, σ total stress, and p s solid pressure) to calculate the creep deformation. Jirásek and Havlásek [33] considered a similar assumption by using a differential equation between the apparent viscosity of the material and the temperature and relative humidity variations.
In the nano-granular theory proposed by Vandamme and Ulm [29] , derived from an analogy with the mechanical behaviour of soils, creep originates from the dislocation of C-S-H particles and their displacement into an adjacent empty pore of sufficient size. This causes a time-dependent deformation of the C-S-H micro-structure. As the deformation increases, the space available diminishes which leads to a progressive deceleration of the creep.
Rossi et al. [30] proposed a combination of micro-cracking and water diffusion into the newly-opened cracks to explain creep. The displacement of water from one crack to another reduces the cohesive force at the crack tip, allowing it to further propagate and leading to a load-induced drying shrinkage. This is consistent with the occurrence of acoustic emissions observed during a creep experiment as well as the non-linearity of creep for high level of load, but the authors did not provide a mathematical model to support their theory.
Finally, Pignatelli and colleagues [31] proposed a model in which C-S-H crystals, locally under load through the contact of other crystals dissolve and precipitate where there is no contact. Creep occurs as C-S-H needles interpenetrate through this mechanism. As this causes the microstructure to compact, the long-term creep differs from the short-term creep.
In all models, the long-term creep seems to be related to progressive slipping in the C-S-H microstructure, followed by its compaction. Table 1 identifies for each of the theory described above the mechanism corresponding to the slipping and compaction phases of the creep process. In the modelling, this can be represented as a time-dependent dashpot [28] . The separation of the behaviour in two processes is convenient from the point of view of modelling, but homogenisation of creeping composites suggests that since a single phase is responsible for the timedelayed behaviour, and does not exhibit measurable changes in its intrinsic behaviour over time, a single characteristic time should describe creep in the long and short term. The transition between apparent short-term and long-term behaviour is then linked to the irreversibility of the behaviour.
While the need to account both for long-term and shortterm behaviour is accepted now in the concrete community, few mesoscale models for concrete use it to describe the visco-elastic behaviour of the cement paste. In fact, the rare meso-scale models which actually account for creep at that scale approximate the cement paste behaviour with non-ageing Maxwell chains, either in the upscaling of visco-elasticity itself [10, 11] or in the analysis of discrete crack propagation in visco-elastic ma-terials [48, 3] . This linear representation of the material shows no irrecoverable deformation, and is therefore unable to capture some of the non-linear effects observed in concrete creep such as non-superposition or non-linearity at high levels of load (see for example [49] ). These aspects are critical for long-term modelling of the material.
The constitutive equation for the visco-elastic behaviour of mature cement paste we propose relies on four parameters that can be easily read on a creep curve, provided it includes at least one unloading step. Importantly, the proposed model has a single characteristic time, but yields both long and short term behaviour compatible with the phenomenological observations reported in the literature. The behaviour proposed in this work is properly classified as an ageing linear visco-elastic material. Extensions are proposed to account for the influence of temperature and relative humidity. These effects are calibrated on independent experiments from the literature. Several examples of multi-scale analysis of concrete creep experiments are shown to validate the behaviour. The discussion emphasizes micro-structural effects on the apparent concrete behaviour, notably the influence of the shape and orientation of the inclusions. The model is integrated within the space-time finite element method presented by the authors in [50] , as implemented in the C++ finite element framework AMIE [15, 51] . We validate our model based on the experiments by Le Roy [52] , and use it to interpret the results by Denarié and co-workers [3] who studied the coupling between damage and creep. A key finding of this paper is the identification of the role of the particle size distribution of the inclusions in creep properties.
Constitutive behaviour of the cement paste
We assume that creep originates from two separate and simultaneous mechanisms:
• a reversible sliding of the C-S-H structures one on another;
• an irreversible slipping and compaction of the C-S-H nanostructure.
The first mechanism controls the short-term creep, while the second is related to the long-term behaviour of the material. The strain is then written as the sum of the elastic strain e , the recoverable viscous strain caused by the sliding of the C-S-H r , the irrecoverable viscous strain caused by the changes in the C-S-H nano-structure v , and additional deformations caused by changes in temperature t or humidity h .
Elastic deformation. The relation between the elastic strain and the stress σ is straightforward:
Where C e is the fourth-order elastic tensor of the material, which can be derived either from experiments, analytic homogenization (see for example [53] ) or numerical homogenization (see for example [39] ).
Short-term creep. The recoverable creep is represented with a single Kelvin-Voigt unit in which the viscosity derives from the sliding of the C-S-H structures one on another, and the elastic spring accounts for the restraint provided by the elastic phases in the material:
Where C r is a fourth-order stiffness tensor which relates the stress to the final recoverable creep deformation. It can be read from the unloading section of a creep experiment, assuming the temperature and humidity are otherwise constants in the sample. Alternatively, it can be estimated using analytic homogenization models as in [43] .
Long-term creep. The long-term creep originates from the slipping and compaction of the C-S-H nano-structure under load.
The slipping mechanism induces a displacement rate proportional to the load, while the compaction mechanism impedes this deformation and increases the apparent viscosity of the material. The constitutive law is then:
Where γ represents the state of compaction of the C-S-H microstructure, and E v the fourth-order viscosity tensor of the slipping mechanism before compaction. This law can also be considered from a friction mechanics perspective: if γ is a measure of the relative contact surface area of the microstructure, then σ/γ gives a measure of the internal frictional force, and is proportional to the speed of the systeṁ v . γ does not measure the contact surface, rather it moves proportionally to it. We complement (4) with the evolution of the hardening variable in time. Assuming the analogy with the soils behaviour identified by Vandamme and colleagues [29, 38] , we use the following rate evolution:
Where τ v is the characteristic time of the compaction process, and is a function of the temperature and relative humidity. (4) (5) introduce three a priori independent parameters, but only two values are of practical interest: the initial viscosity γ(t = 0) E v and its evolution rate (1/τ v ) E v . We can freely set γ(t = 0) = 1. Inn this work t = 0 corresponds to the time of loading. Given that the recoverable and irrecoverable creep originate both from the same phase, we assume that these two processes have the same characteristic time:
Finally, the material behaviour reads, after combination of (1-6):
Which can be easily integrated in the space-time finite element framework developed by the authors [50] or alternatively, with more common finite differences (first formulated in [54] ). The space-time finite element method is equivalent to an implicit Euler scheme if the element faces are parallel to the time direction, or to any Newmark finite difference scheme with the right choice of trial function [55] . In (7), the forces induced by the thermal expansion and drying shrinkage also appear on the second (respectively third) line corresponding to the creep deformation. These terms originate from (3) (respectively (4)) to which the first line of (7) has been subtracted, yielding a symmetrical system.
Overall, these equations describe an ageing linear viscoelastic material.
Identification of material parameters
The material behaviour described above requires the knowledge of four different material properties:
• C e which corresponds to the initial elastic deformation of the material,
• C r which corresponds to the amplitude of the creep recovered during the unloading of the material,
• E v which corresponds to the asymptotic slope of the creep curve in the logarithmic time,
• τ v which marks the transition to logarithmic creep.
We assume that the material is isotropic, which leads to a decomposition of all fourth-order tensors using only two parameters: Young's modulus E and a Poisson ratio ν (or alternatively, a bulk and a shear modulus). However, only the Young's modulus of each tensor can be extracted from a standard uni-axial creep test. The apparent Poisson's ratio of the resulting visco-elastic material depends the choice of the rheological network, but also on the choice of definition of the Poisson's ratio [56, 57] . In this work, the Poisson's ratio of the visco-elastic composite should be understood as the asymptotic Poisson's ratio. After Aili and colleagues:
A typical creep curve is shown in Figure 1 , including unloading curves at different instants of the deformation. From these curves the three values E e , E r and E v can immediately be identified from respectively the initial deformation, the recovered deformation, and the asymptotic logarithmic slope. However, the characteristic time τ v does not appear immediately as the two creep process overlap in time. We can easily read the apparent characteristic timeτ as the intersection between the initial horizontal asymptote (the elastic deformation) and the final logarithmic asymptote. As recoverable creep stops after a certain period of time, it is possible to obtain τ v fromτ and the ratio between the two viscosities:
To interpret experiments from the literature, it is necessary to take into account temperature and relative humidity.
Influence of temperature and relative humidity
In this section, we estimate the influence of the temperature T and relative humidity h on the creep deformations. We assume that these two factors are not correlated: the temperature affects the rate of the creep deformation τ v , while the relative humidity affects its amplitude C r and E v :
(10)
Where f and g are two functions to identify. The temperature and relative humidity also affects the hydration of the cement, but these effects can be ignored in this model of mature concretes.
It is possible to account for drying creep after the method of Benboudjema and colleagues [26] by introducing an equivalent γ:
This is equivalent to addng a second dashpot in series accounting for the effect of drying. 
Influence of temperature
It is commonly admitted that creep is accelerated when increasing the temperature following an Arrhenius-like law (see for example [49, 58] ).
Where T a is the "activation temperature" for creep and T 0 the reference temperature. The value of T a seems to vary considerably from one cement to another, as Bažant et al. [58] suggest 5000 K, but Bengougam [59] found values ranging from 6000 to 17000 K for cores extracted from concrete dams. In both cases, these values were measured for concrete and not cement paste. Examples of creep curves for cement paste at different temperatures (using T a = 5000 K) are shown in Figure 2 .
Influence of relative humidity
Creep of concrete is strongly related to the state of water in the C-S-H, and several studies have aimed at characterising the creep as a function of the amount of water. Wittmann [60] studied the creep of sealed cement paste specimens pre-dried at a relative humidity ranging from 0 to 0.985. We fitted each creep curve separately using the same characteristic time (found equal to 2 days) and E r = E v . The evolution of the E v /E v (h = 0.985) against the relative humidity is shown in Figure 3 .
From this curve, we identified the following relation between the creep properties and the humidity:
Where h 0 is a coefficient that was fit and found equal to 0.2 in this specific set of experiments. However, it is likely that this coefficient depends from the material microstructure, and might change with different materials or age.
The main model parameters for typical cement paste are summarized on Table 2 . 
Model validation
We use the experimental results of the extensive study of Le Roy [52] to validate the model developed above. Le Roy measured the basic creep of a large set of concretes, varying the cement paste composition, aggregate content, or water/cement (w/c) ratio. He also measured the creep of the corresponding cement pastes.
We use the experimental creep curves for cement paste to calibrate our model, and then perform a numerical creep test on a concrete microstructure with the same cement properties, and compare the creep of the simulated concrete with the corresponding experimental value.
The composition of the three concretes is shown in Table 3 , where w/c is the water-to-cement ratio, SF the amount of silica fume added to the mix (as a mass fraction of cement), and f g the aggregate volumetric fraction. The samples were loaded at 28 days and sealed, so we ignore hydration effects as well as shrinkage in this study.
Cement paste. The material properties for the cement paste are obtained from the basic creep curves measured for the corresponding paste. We assume the scalar playing the role of a Poisson ratio of all tensors in the material model ν e , ν r , ν v to be equal to 0.2 as an arbitrary value since only uni-axial creep curves produced in this work. Furthermore, we also assume E r = E v in absence of appropriate unloading data. This leaves only three parameters which are easily read on the experimental curves.
Aggregates. The aggregates are simulated as purely elastic materials with a Young's modulus of 77 GPa as measured by Le Roy, and a Poisson ratio of 0.2 in absence of further data.
Sample and microstructure generation. The samples used in the concrete creep experiments were cylinders 16 cm in diameter and 100 cm in length. Since we cannot simulate both the entire sample and the entire aggregate particle size distribution, we limit ourselves to a 8 × 8 cm square slices of the same sample, in which the entire particle size distribution of the material is represented. The left edge of the simulated sample corresponds to the vertical axis of the cylinder, so its horizontal displacement is set to 0. The aggregate particle size distribution in the simulation follows the distribution measured given by Le Roy, and the volume fraction of aggregates is the same in the simulations and in the experiments. The boundary conditions and simulated microstructure for the B0 concrete are shown in Figure 4 . The samples are two-dimensional, and the plane strain approximation is used.
Results. Figure 4 shows on the top the experimental creep curve for the cement paste and the model calibrated using the values found in Table 3 , and the experimental and numerical creep curves at the concrete level on the bottom. We obtain a good agreement between the experimental and simulated creep, except for the concrete B6 for which the model predict a higher creep. However, this could be related to additional shrinkage, since this specific material has a very low water/cement ratio. Indeed, Le Roy noticed a very high autogeneous shrinkage in this material. This may further explain why the identified parameters do not follow a monotonic trend. Königsberger and colleagues proposed a model which would give the parameters we use based on the cement composition [61] . Previous work by this same author suggest a method to further predict strength [62, 63] . Such an approach is an important step towards predicting all concrete properties from its formulation. In this instance, the approach would fail as some factor caused one of the mixes to misbehave. Even then, the parameters of the proposed model can be identified from the creep experiment.
Microstructure effects in concrete creep
We use the model to estimate the influence of the concrete microstructure on the macroscopic creep. In all cases, we use the cement paste and aggregate mechanical properties calibrated on Le Roy's B0 experiment.
Particle size distribution
The particle size distribution plays a vital role in some degradation processes in concrete, as shown for example in the case of fracture [6] , ASR [64] , or drying shrinkage [14] . The question is also raised for creep, and cannot generally be assessed by analytic homogenization scheme without additional refinement like the tri-sphere model proposed by Le Roy [52] . In a recent paper, Lavergne et al. computed apparent properties of composites simulated in 3D [12] . They found that the macroscopic creep properties were somehow independent of the particle size distribution, but in their work, the ratio between the smallest and largest particle was around 1/10, while the particle size distribution of aggregates in concrete spans two orders of magnitude.
Zhang and colleagues noted that the characteristic time of creep for pastes and concretes differ [65] . Indeed, we observe that the inclusions increase the apparent characteristic time of the material. The definition of characteristic time used in the latter work is not the same as in this one, nonetheless, the observation stands. Here, we test four different particle size distribution: a continuous particle size distribution using the standard Bolomey [66] curve used in Swiss construction, and three discontinuous distributions containing a majority of large, medium or small aggregates. In the case of the distribution with a majority of small aggregates, an additional class of smaller aggregates was added to make possible the random generation of the microstructure. The volume fraction of the cement paste is kept the same in all simulations. The mesh was generated with a density fine enough to capture even the smallest inclusions.
In principle, there are no clear separations of scale in concrete, as the largest cement grains are close in size to the smallest sand grains. However, a clearer separation between the aggregates and paste emerges at later ages, as the cement grains become fully hydrated and the outer C-S-H becomes nearly as dense as the inner. As the model proposed here is more readily applicable to mature paste, we believe it is a complete representation of a 2D slice of the microstructure. The uni-axial creep compliances for the four distributions are shown in Figure 5 alongside their respective microstructures. The microstructures containing the larger aggregates show the higher creep, while a large amount of fine particles seem to be able to reduce the creep. This effect is particularly significant with the smallest particle size distribution, and shows the role of the smallest particles in controlling the creep deformation. All four simulations were done with a mesh fine enough to represent even the smallest aggregates, and the relative difference in area between the theoretical aggregate distribution and the distribution after meshing is lower than 0.1 % in all cases. This is of practical relevance for numerical models of concrete at the meso-scale, since it indicates that the creep or stress relaxation of the material might be overestimated if the smallest aggregates are not accounted for in the simulation. A similar effect have been shown for fracture mechanics [6] , and therefore meso-scale simulations with creep and damage should reproduce the entire particle size distribution of the aggregates as close as possible. 
Particle shape and orientation
Concrete is typically assumed isotropic, even though a certain anisotropy can be measured with respect to the casting direction. In the case of creep, the lateral creep is somewhat inferior to the axial creep [49] . In meso-scale simulations, aggregates are typically simulated as circles or spheres, as they are the easiest shape to manipulate, which however cannot provide an anisotropic behaviour. Notable exceptions include works with randomly generated polygonal aggregates [2, 4, 13] , or using images of the material microstructure [1, 67, 12] .
In the present work, we use ellipses to represent the casting direction of the aggregates. The ellipses are generated with an aspect ratio (minor radius / major radius) equal to 0.7. We simulate two microstructures with the same particle size distribution, one in which the ellipses are randomly oriented, and a second one in which the principal axis of the ellipse is preferably oriented along the horizontal axis. On each microstructure, we perform two different creep experiments, one in the axial direction, and one in the lateral direction.
The resulting creep curves as well as the microstructures are shown in Figure 6 . As expected, the microstructure with the randomly oriented ellipses gives an isotropic response, while the microstructure with the oriented ellipses leads to an anisotropic creep with a similar extent to what is reported in [49] . However, the lack of comprehensive experimental data on aggregate shape, cement paste creep and corresponding concrete creep makes this result difficult to properly evaluate.
The effect of particle shape and orientation becomes prominent when multi-axial loading are considered. Indeed, several studies have shown that the bulk and shear creep do not occur at the same rate nor with the same magnitude, both at the concrete level and at the cement paste level.
For the paste, several studies have shown that the bulk and shear creep deformations occur at different rates and magnitudes. Unfortunately, the experimental results of Bernard and co-workers [68] were obtained on leached cement paste, which makes questionable the application to sound cement paste, while the experiments of Grasley et al. [69] were at very early age, where hydration effects dominate the mechanical and shrinkage behaviour of the material. Therefore, we did not attempt to simulate these experiments.
At the concrete level, the difference in volumetric and deviatoric creep interacts with the effect of the shape and orientation of the particles. This last information is generally missing in the multi-axial creep experiments from the literature, which makes at this stage difficult the uncoupling between the two phenomena. For these reasons, no attempt were made to simulate this phenomena with the present model.
Effect of damage on creep
Bažant and Gettu [22] found that the apparent relaxation of concrete is accelerated when damage in the material increases. They proposed to explain this effect with the increased size of the fracture process zone as a function of the pre-peak load. However, Denarié and colleagues [3] found in a later study a similar trend on samples which where all loaded at the same rate, and therefore in which the fracture process zone had the same characteristic length. Therefore, another effect seems necessary to understand this phenomena.
We simulate the relaxation of concrete specimens in which damage was artificially introduced. We use the same microstructure and material properties as for the simulations of Le Roy [52] experiments. These are not coupled creep-damage simulations, as we assume that the relaxation setup does not increase the damage in the material. The damage is calculated beforehand with a simplified approach. The goal of these simulations is to estimate micro-structural effects on the apparent relaxation properties, and not characterize the effect of creep on the progress of damage. Important work by Nguyen and colleagues [70] show that the effect of damage on the creep components, assuming randomly oriented microcracks, is the same as what would be predicted by a Mori-Tanaka scheme. This indicates that the treatment of damage as proposed in this paper -in the paste onlyis representative of the results which would be obtained using a multi-level homogenisation approach.
Five different microstructures are generated using the following procedure:
1. An elastic tension test is performed on the numerical sample.
2. The strains in the cement paste are averaged over a certain process zone to account for non-local damage effects [71] . 3. The elements located in the cement paste with an averaged strain higher than 99 % of the highest strain in the sample are removed from the finite element assembly. 4. Steps 1-3 are repeated until a certain fraction of damage in the microstructure is reached.
The 1 % tolerance chosen at step 3. of the procedure ensures the formation of micro-cracks homogeneously distributed through the paste, as opposed to a single macro-crack crossing the sample. In addition, the elements located at the top of the sample are prevented from cracking in order to be able to apply homogeneously the boundary conditions. Five other microstructures are generated by randomly placing circular pores in a homogeneous material. The mesh density in the homogeneous material is the same as for the concrete microstructure.
After convergence of the damage computation, the vertical displacement on the upper boundary of the sample is maintained constant to measure the relaxation properties of the damaged material. From this test we measure the normalized relaxation of that specimen as the loss of stress over time:
To observe the influence of damage over the relaxation behaviour, we plot R(d, t)/R(0, t) for both scenarios (concretelike microstructure and homogeneous microstructure) in Figure 7 , alongside experimental relaxation curves measured by Denarié [72] on wedge splitting tests at different stages of the crack propagation.
In the case of an initially homogeneous microstructure, the relative relaxation properties do not depend on the internal porosity (the absolute relaxation is proportional to the porosity). This was expected from Alfrey's theorem [73] , which states that for an homogeneous viscoelastic material, the space and time response are uncoupled. In the case of ageing paste, as Poisson's ratio changes, Alfrey's theorem would not be valid; in this instance where the paste is assumed to be mature, it should hold. For any sample geometry, the stress (or strain) at any instant in time in the entire sample can be calculated from the initial stress (or strain) state multiplied by the relaxation (or creep) function of the material. Therefore, the macroscopic relaxation function of a damaged homogeneous material cannot be accelerated because of the presence of the micro-cracks. This result is consistent with other simulations in the literature [74] .
We find in the case of the concrete microstructure an acceleration of the apparent relaxation, with a similar trend as in the experiments. This trend appears even with an approximate damage pattern, and the material properties for the cement paste and aggregates might not be representative of the materials used in the experiments. It seems therefore that the (macroscopic) acceleration of the relaxation process in damaged concrete is related to the interaction between the cracks and the aggregates. More specifically, the presence of crack in the paste would increase the deformation in the paste, and therefore increase the amplitude of the relaxation in that phase. From a macroscopic perspective, that would be seen as an acceleration of the stress relaxation. If the damage were located in the aggregates (as it is the case for example in ASR [75] ), a different trend might be observed.
An important limitation of this work is it's 2D nature. Although the observations described, notably on the role of the microstructure in the apparent creep relaxation are generally true, it is not clear that the magnitude described in these results can be transposed to 3D. The observations should therefore only be taken as quantitative where the 3D nature of the stress field is not a dominant factor. If the distribution of stress concentrations due to the PSD is the same, and the connectivity of the creeping phase is preserved, as is likely the case in a mortar microstructure, we expect the 2D and 3D simulations to match.
Conclusion
We proposed a simple model for the creep of the cement paste, aimed at usage in mesoscale simulations of long-term behaviour and degradation. The model accounts for irrecoverable creep as well as the effects of temperature and relative humidity. The material parameters are easily read on a creep curve with an unloading step. We showed that the model provides an accurate concrete creep behaviour after upscaling.
Using this model in meso-scale simulation of concrete creep showed the impact of microstructure on macroscopic behaviour. Particle shape and orientation might induce anisotropy in the macroscopic behaviour, and that a larger proportion of smaller particles tends to reduce the macroscopic creep. This second effect is similar to previous reports of meso-scale damage and fracture simulations. It is therefore likely to be critical in the modelling of coupled creep and degradation. This is of particular importance in three-dimensional models, for which computational resources limit the ratio between the smallest and largest aggregates in the simulation, and forces the separation of the particle size distribution across two separate scales, even though such separation doesn't exist in reality.
We highlight the influence of the micro-mechanical interaction between the aggregates and the cement paste in damaged concrete microstructures: micro-cracks in the cement paste tend to accelerate the apparent stress relaxation of concrete. This effect was shown by independent experimental studies in the literature, but it is the first time to the authors knowledge that this effect is explained from a micro-structural perspective, as such acceleration would not be found in purely homogeneous materials.
In future works, the proposed visco-elastic model will be complemented with a rate-dependent damage model, in order to capture the shift in failure mode with the loading rate, as well as the occurrence of delayed failure under load. Further developments could focus on the difference between creep in tension and in compression, or the difference between volumetric and deviatoric creep, provided sufficient information on the particle shape and orientation are given. Figure 7: Experimental (top) and numerical (bottom) relaxation curves at different stages of the degradation process. All curves are normalized with respect to the undamaged relaxation curve. Examples of microstructures are provided for different levels of damage or porosity (aggregates in black, cement paste in grey, cracks in red, pores in white). Experimental results and setup from [72] .
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